Experimental Data
This section describes the experimental data for cross section and kerma coefficients that have been used in this Report to guide, and to validate, the nuclear model calculations. Data for neutron reactions on hydrogen are not discussed here since they are described in Section 5; data for neutron source reactions were described in Section 3.
Neutron Cross Sections

Below 20 MeV
Numerous measurements of neutron cross sections on biologically important elements have been performed below 20 Me V, but they are not reviewed here because the main purpose of this report is to describe recent advances in the understanding of nuclear data at higher energies. Sources of information on cross sections below 20 MeV are the Computer Index of Neutron Data compilation (CINDA) (IAEA, 1990) and the electronic Cross Section Information Storage and Retrieval System (CSISRS ) data file (McLane, 1988) . CINDA is an extensive bibliography of neutron cross-section measurements, calculations, and evaluations, including citations to all publications. CSISRS is a compilation of experimental data mainly for incident neutrons but with some cha rged-particle data. Both compilations are maintained cooperatively by the following major nuclear data centers:
• The National Nuclear Data Center (NNDC) at Brookhaven National Laboratory, Upton, New York, USA. • The Nuclear Data Center at the Fiziko-Energeticheskij Instit ut, Obninsk, Russia. • The Nuclear Energy Agency Data Bank, Paris, France. • The International Atomic Energy Agency Data Section, Vienna, Austria Both the CINDA and CSISRS data bases can be accessed through internet connections to the various data centers . In addition to these compila tions, the ENDF/B-VI data base can be accessed through the internet connection to the NNDC (Dunford, 1996) .
References to neutron cross-section measurements are a lso frequently given in the "File l " documentation t h at is part of the ENDF/B evaluations (see Appendix A).
Above 20 MeV
There are few measurements of neutron cross sections on biologically important elements above 20 MeV, though the number has increased in recent years. These data a re summarized below and are shown graphically in Sec. 7, along with results from model calculations.
In the 1980s, a group at the University of California at Davis (Subramanian et al., 1983; 1986) published double-differential charged-particle production spectra for neutron reactions on C, N, and 0 , for incident energies of27, 40, and 60 MeV. More recent measurements have, to a la rge extent, confirmed the UC-Davis results: Haight et al. (1994 ) performed C(n,xa) double differential production cross section measurements with the Los Alamos Weapons Neutron Research white neutron source for incident neutron energies up to 40 and Slypen et al. (1995b, 1996) published ch arged-particle production data from neutron reactions on C, measured at the Louvain-la-Neuve cyclotron, for incident energies of 43, 63, and 73 MeV. The Louvain-la-Neuve group has recently extended their work to 63 MeV neutron reactions on 0 (Benck et al., 1998b), and Nauchi et al. (1997) have presented neutron reactions on C for energies up to 75 MeV. An important contribution from the Louvain-la-Neuve group has been the determination of double-differentia l charged-particle production cross sections over a wide angular range (Benck et al., 1998b) . The UC-Davis oxygen data extend only to 65°, which mak es an angle-integration difficult. In addition to these (inclusive) emission cross sections, there are some exclusive reaction cross sections that are useful for benchmarking the model calculations (Chadwick et al., 1996; Chadwick and Young, 1996) . The most important of these is the 12 C(n ,n '3a) reaction, measured by Antolkovic et al. (1983) (with Brenner and Prael's corrections (1984) .)
Measurements of the neutron total, elastic, and total nonelastic cross sections on biologically important light elements, such as the high-precision, total-cross-section measurements of Finlay et al. (1993) , have been important fo r the evaluations described in this report, including optical model analyses for the model calculations. The full lis t of total cross section experiments can be obtained from the electronic "CSISRS database" a t the Brookhaven NNDC (McLane, 1988) . Experimental programs at Michigan State University (De Vito, 1979) , Ohio U niversity (Meigooni et al. , 1984; Petler et al., 1985; Is lam et al., 1988 Is lam et al., , 1994 , Uppsala University (Olsson et al., 1990 ), Tohoku University (Niizeki et al. , 1990 , the Japan Atomic Energy Research Institute (Yamanouti et al., 1992) and UC-Davis (Hjort et al. , 1994) , have provided differential and total elastic scattering cross sections. Neutron total nonelastic cross section measurements in the 20-100 MeV range have been made by Dejuren a nd Knable (1950) , Voss a nd Wilson (1956) , Kellogg (1958) al. (1981) . In some cases, measured proton total nonelastic cross sections (Kirby et al., 1966; Carlson et al., 1985) were used to guide the neutron evaluations, since the proton and neutron total nonelastic cross sections would be expected to be similar for incident energies far in excess of the Coulomb barrier.
Total and elastic cross section data for neutron reactions on the elements making up accelerator collimators and beam modifiers have been summarized by Chadwick et al. (1999a) . Among the few measurements of non-elastic cross sections above 20 MeV are the (n,xn) neutron scattering cross sections of Marcinkowski et al. (1983) , which extend up to 26 MeV, the Hjort et al. (1996) , 65 MeV (n,xn) measurements at forward-angles, the Grimes et al. (1996) (n,xcx) measurements, and the recent (n,xn-y) measurements for neutrons with energies from zero to over 200 MeV, for Pb (Vonach et al., 1994) and Al (Pavlik et al., 1998) targets. The latter measure discrete gamma rays produced in the gamma decay of residual nuclei, and are, therefore, closely related to the production cross sections of various nuclides following neutron and charged-particle emission. A by-product of the Louvain-la-Neuve 65 MeV oxygen measurement was charged-particle emission cross sections from neutrons on 27 Al (Benck et al., 1998a) , since the oxygen data were obtained from the subtraction of data from Al 2 0 3 and Al targets. Additionally, the Louvain-la-Neuve group also recently presented results for charged-particle production from 63 MeV neutrons incident on Si (Lambert et al., 1997) . Since the secondary neutron emission spectrum is important for radiation transport simulations of the radiation source (the neutron source along with beam modifiers), in cases where there were no neutron scattering data, (p,xp) proton inelastic scattering measurements served to estimate the neutron cross sections (Chadwick et al., 1996) . The (p,xp) cross sections, which are described in Sec. 4.3, are expected to be similar to (n,xn) cross sections on the same target nuclei for incident and emission energies well above the Coulomb barrier.
Neutron Kerma Coefficients
While absorbed dose describes the mean energy imparted to matter, kerma describes the transfer of energy from indirectly ionizing radiation to charged particles. The r elations between these two quantities have been explained in a previous report (ICRU, 1977) .
The main use of kerma coefficients, k,p, in n eutron dosimetry is twofold: (1 ) for a given neutron energy distribution the absorbed dose measured with a particular dosimeter of a given material composition can be converted to the absorbed dose in another material (e.g., tissue) by means of the kerma coeffi-cient; and (2) if the neutron energy distribution and the neutron fluence are known from experiment or calculation, absorbed dose in a given material can be derived from the kerma coefficient. Both approaches require charged-particle equilibrium, a condition which is valid in many practical situations. In the context of this Report, kerma coefficients are important benchmarks for the evaluated cross sections-if calculated kerma coefficients agree with measurements, one can have some confidence in the values of absorbed dose calculated with a Monte Carlo radiation transport code that uses the cross sections.
There are two independent experimental methods to determine neutron kerma coefficients. The first is based on measured production cross sections and average energies, applying Equation 2.6. The second method, which may be called an integral measurement technique, is based on dosimetric methods to determine the kerma, K , and the measurement of the ftuence, <P. The ratio of the two quantities gives k<P according to Equation 2.4.
The next two sections describe the two methods, their advantages and limitations, and summarize the available data.
Neutron Kerma Coefficients Derived from Microscopic Cross Sections
The determination of neutron kerma coefficients from experimental microscopic cross sections is based mostly on measurements of inclusive chargedparticle emission spectra of light ejectiles of mass A :5 4. Partial kerma coefficients for the emission of various ejectiles are determined from the cross sections, after extrapolating the measured values to unmeasured regions of emission angle and energy (below the detector thresholds). The sum of these partial kerma coefficients (plus values for elastic and nonelastic recoils, obtained independently from other experiments or calculations) gives the t otal kerma coefficient.
The experiments performed at the University of California (UC)-Davis (Brady and Romero (1979); Subramanianetal., 1983; 1986; Romero etal. (1986) ) and more recently at the Universite Catholique de Louvain, Louvain-la-Neuve (Slypen et al., 1995b; 1996; Benck et al., 1998b) , measured the doubledifferential emission cross sections of light charged particles for incident neutron energies between 25 and 73 MeV on biologically important elements. The UC-Davis experiment u sed thin targets which allow a reasonably low threshold energy for detecting charged particles. This is important particularly for alpha particles as their differential cross section at low emission energies is high for light target nuclei. However, the use of composite targets requiring subtractions to obtain values for individual elements, as well as the short running times a nd use of thin targets, leads to rather poor statistics. Also, the angular range covered by this experiment is not complete. In the case of the Louvain-la-Neuve experiments, thicker targets were used. This, along with the longer measuring times, results in significantly reduced statistical uncertainties on the cross sections. Furthermore, a comprehensive measurement over the whole angular range (15 angles) was made. However, the thick targets result in high detection threshold energies, particularly for the alpha particles. Fig. 4 .1 shows an illustrative example of inclusive emission spectra: C(n,xp) double-differential cross sections for 63 MeV neutrons, as measured by the UC-Davis and Louvain-la-Neuve groups. For comparison, calculated results of Chadwick et al. (1996, and this Report) and Brenner and Prael (1989) are also shown. In order to calculate the partial kerma coefficient (Eq. 2. 7), the measured cross sections must be extrapolated to all angles and emission energies so that the total production cross section, and the average emission energy, can be determined. The angle-integrated emission spectrum for ejectile i above the detector energy threshold, Ethresh• can be expressed as a sum of two contributions: that due to the measured range of angles, and an extrapolation to unmeasured angles:
where the 2nd term on the right indicates the integration of unmeasured double-differential cross sections (estimated by extrapolation, or calculation) over the unmeasured angular range. Below the detector threshold, the angle-integrated emission spectrum is based entirely on unmeasured (extrapolated or calculated) values: at'rod(e) = J af'r 00 (e, B) 27T sine de [e < Ethreshl· (4.2)
From the angle-integrated spectrum shown in the above two equations, the total production cross section and average energy of ejectile i can be determined, allowing the determination of the partial kerma coefficient from Eq. 2. 7.
The extrapolation of the measured cross sections to unmeasured angles and emission energies results in some ambiguities in the partial kerma coefficients since the extrapolations are usually obtained from theory and are thus , to some extent, model dependent. However, it should be n oted that the influence of the extrapolated cross section below the detector threshold is reduced due to the energy-weighting when calculating kerma coefficients.
An example of the contributions of measured, and extrapolated threshold-energy corrections, to the determined partial k erma coefficients is shown in Table 4 .1 for the Louvain-la-Neuve carbon data. The below-threshold energy extrapolations were based on the calculations of Chadwick et al. (1996) . Uncertainties of 30% were assigned to the theoretical threshold-energy corrections, following Chadwick et al. (1996) , which was obtained by comparing differences between model-calculation values of Brenner and Prael (1989) and Chadwick et al. (1996) . The extrapolations to unmeasured angles were made assuming an exponential-in-cosine-angle angular distribution as embodied in the Kalbach (1988) systematics, and were included in the measured contributions in Table 4 .1. The values obtained for the partial kerma coefficients in Table 4 .1 can be compared with those shown by Slypen et al. ( 1995a) using corrections based on Brenner and Prael's (1989) calculations to assess the model dependence of the results, which are found to be generally sma ll for protons and deuterons, but large for alpha particles.
While Table 4 .1 shows that the theoretical corrections are small compared to the measured values for proton and deuteron emission, this is not the case for alpha emission because of the high threshold detection energy and the abundance of low-en ergy alpha ejectiles from the (n,3a) reaction. Therefore, for alpha emission, the partial kerma coefficient that is obtained cannot be considered to be truly experimental (this also applies to the UC-Davis data). The 12 C( n ,xa) measurements by Haight et al. (1994) at Los Alamos National Laboratory were able to obtain lower threshold detection energies by u sing propor-
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b. Slypen ( tional counters and solid-state detectors, along with thin target samples and high neutron fluxes. For alpha emission, the partial kerma coefficient in Table 4 .1 (including theoretical corrections) differ by values up to 30% from those obtained using extrapolations based on Brenner and Prael's (1989) calculations. This is due to significant differences in the calculated alpha production at low energies between the two theories, and the difference can be interpreted as the uncertainty in the cross sections predicted by the theory. Figure 4 .2 shows the partial kerma coefficients for carbon compared with GNASH model calcula tions. Such comparisons are useful for determining the predictive capability of theory for specific reaction channels. The UC-Davis values shown in Fig. 4 .2, taken from Brady and Romero (1979) , include corrections for unmeasured angles, and threshold corrections from Chadwick et al. 0996). The agreement between evaluation and experiment is seen to be good. At 73 MeV, though, the partial proton kerma coefficient from Louvain-la-Neuve (Table 4 .1) largely exceeds the evaluated result since the experiment obtained a larger proton emission spectrum cross section in the preequilibrium region compared to the model predictions. The large proton pa rtial kerma coefficient is the main reason for the large total carbon kerma coefficient from Louvain-la-Neuve at this energy, see Figure 7 .10.
To obtain total kerma coefficients, the partial kerma coefficients are summed, and contributions from elastic and nonelastic recoils are added. The elastic recoil kerma is usually obt ained from optical model calculations after fitting to measured elastic angular distributions , and is therefore known fairly accurately. The nonelastic recoils, on the other hand, are obtained from model calculations (see Sec. 6.3.2.4), or from energy-balance calculations, where there is virtually no experimental data to test the calculation's accuracy. Therefore , the uncertainty in the nonelastic recoil contribution is high, though the nonelastic recoils make up only a small fraction of the total kerma, except at the lowest incident energies. Comparisons between the calculated total kerma 
Neutron Kenna Coefficients Derived from Integral Measurements
The concept for determining kerma coefficients with integral measurements is based on the relation between kerma and absorbed dose (ICRU, 1977) . The kerma, K, induced by neutrons of a given energy in a small mass element of a material can be determined with a suitable dosimeter. If the neutron fl.uence, cf>, at this position in the absence of the mass element is measured by an additional method, the kerma coefficient, k"', is simply given by the ratio of thes e two quantities according to Equation 2.4. This section, therefore, first describes the determination of K, then that of cf> and finally summarizes the results of k<P, obtained to date by integral methods.
While the use of dosimetric methods to determine kerma coefficients was initiated at Lawrence Livermore National Laboratory (Goldberg et al., 1978) , the bulk of the data available to date stems from work at the University of Wisconsin, Madison, at the University of Saarland, Homburg/Saar and at the Physikalisch Technische Bundesanstalt, Braunschweig. Except for one investigation employing time-of-flight discrimination in a "white" neutron field (Newhauser, 1995) , all measurements reported to date have been performed in monoenergetic or quasi-monoenergetic neutron fields. In principle, different types of dosimeters can be used to measure K. While a few investigations employed ionisation chambers (Goldberg et al., 1978) or calorimeters (McDonald, 1987; McDonald and Cummings, 1988) , low-pressure proportional counters (LPPC) have been used in the majority of the investigations. Because of the small mass of their counting gas, LPPCs have significant advantages over other methods for this type of application. The most widely used LPPC is the tissue-equivalent (TE) proportional counter, i. e., the LPPC with walls made from A-150 tissue equivalent plastic and filled with a TE gas mixture. Details of LPPC measurements can be found in ICRU Report 36 (ICRU, 1983) and, in particular, in a recent European Dosimetry Group (EURADOS) report (Schmitz et al., 1995) . Many of the aspects described there are also valid for LPPCs made from different wall materials as used for k<P experiments.
Cavity chambers, such as proportional counters and ionization chambers, employ the cavity chamber principle in order to relate the ionization produced in the gas-filled cavity to the absorbed dose in the wall, Dm. In this way, they allow the absorbed dose to be meas ured with a high degree of precision (ICRU, 1977) . In addition, under the condition of chargedparticle equilibrium, kerma can be determined since Dm and the kerma in the wall material, Km, are then numerically equal. The determination ofkerma in a given material comprises the following steps (Pihet et al., 1992) : (1) the measurement of the absorbed dose to the gas cavity of the chamber, (2) the conversion of this result to the absorbed dose in the wall material, and (3) the determination ofkerma in a small mass element.
The absorbed dose in the gas of an ionization chamber, Dg, is (ICRU, 1977 )
where Q is the charge of one sign produced in the cavity, m the mass of the cavity gas, W the average energy expended to create an ion pair in the gas, and e the electronic charge. In general, the quantities on the right hand side of Equation 4.3 are not directly measured or used but are determined by a calibration in a reference radiation field . The method employed for LPPCs is slightly modified to take into account the internal gas amplification (Menzel et al. , 1984) . Since neutron radiation fields are always contaminated to some extent with photons, it is a prerequisite for neutron kerma measurements to subtract the contribution of photons to Dg. In most investigations, the capability of the LPPC to discriminate photon-induced from neutron-induced events (ICRU, 1983) is used for this purpose. LPPCs measure signals whose amplitudes are proportional to the energy imparted to the cavity in single energy deposition events. This is usually quantified as the lineal energy, y, defined as the ratio of the energy imparted and the average chord length of the cavity (ICRU, 1983) . The dose distributions as a function of y, derived from LPPC measurements, contain information on the charged-particle production in the wall mat erial. This feat ure is displayed in Fig. 4 .3 which shows a dose distribution calculated with the energy-deposition code developed by Coyne and Caswell (1981) . Events from different charged particles are observed in different pa rts of the spectra due to their different energy loss in the small mass of the gas: proton events are observed below 150 keV/µm , events from a-particles up to 400 keV/µm and heavy recoils up to 1500 keV/µm. A quantitative analysis of the con tributions from the different secondaries is limited by the fact that these regions overlap and that there are, in addition to these main components, events from other charged particles, e.g., deuterons, t ritons. The dist ribution measured with an A-150-wa lled LPPC for a neutron energy of 17 MeV (Fig. 4.4) shows a shape which is very similar to the calculated shape at an energy of 19.5 MeV (Fig. 4.3 ). An increase of the neutron energy to 34 Me V leads to distinct changes in the distribution which reflect changes in the cross sections and the kinematics of the charged-particle production. The shift of the peak at about 10 keV/µm The distributions have been calculated with the energy deposition code from Coyne and Caswell (1981) for an A150-walled LPPC , irradiated with 19.5-MeV neutrons. In the graphical presentation used here, th e area under a curve gives directly the respective absorbed dose in the gas, Dg, per unit neutron fluence, 4>. In addition to the total absorbed dose, the main contributions from secondary charged particles, i.e., those from protons, a-particles and carbon-recoils are shown. Small contributions from other charged particles are not displayed separately. The interaction of neutron-induced photons has been neglected in these calculations. NOTE: Details on the graphical presentation of LPPC spectra and the normalization of the distributions can be found in !CRU Report 36 OCRU, 19831. to lower lineal energies can be explained by the higher energy, and hence smaller energy loss, of the protons from n-p scattering. The larger dose at about 100 keV/µm is due to the increased contribution of low-energy protons and deuterons induced in carbon; the smaller dose at about 300 keV/µm reflects the smaller partial kerma coefficient for alphaparticles. The dose distribution measured with a carbonwalled LPPC (Fig. 4.5) shows the drastic increase of the proton yield for an increase of En from 34 MeV to 66 MeV, while the yields of a-particles and heavy recoils are nearly constant. Figure 4 .6 compares dose distributions for LPPCs made from C, Si and Fe at 34 MeV. The C-LPPC shows the smallest proton yield and the largest a-particle yield, while the spectra for Si and Fe are similar in shape but Si shows higher yields.
The integrals over these dose distributions give the values of the absorbed dose in the gas, Dg. Since cavity detectors are inhomogenous with respect to the atomic composition of wall and gas, the absorbed dose in the wall material adjacent to the gas cavity, D 0 " is derived from
where the gas-to-wall dose conversion factor is denoted by r m,g· In principle, the physical properties of the radiation and the irradiated dosimeter materials must be considered carefully in the evaluation of r m,g (Rubach and Bichsel, 1982) . If, however, the cavity is so small that the interaction of uncharged ionizing particles with the gas is negligible and the charged particles lose only a small fraction of their energy in the gas, the Bragg-Gray theory shows that where (S/p)m,g is the average collision mass stopping power of the wall material (or of a gas, respectively) for the charged particles. This approximation, which requires the knowledge of charged particle spectra in wall and gas, can be used for an LPPC since the contribution of events from short-range charged particles stopping in the gas cavity is small for higher-energy neutrons and for the small mass of the gas. For lower neutron energies and for wall materials with a small kerma coefficient (e.g., Fe), however, corrections are required because the neutron interaction with the gas may not be neglected (DeLuca et al., 1989) . Details of the procedures employed for calculating r m,g can be found in the literature on k<P measurements. Recently, a comprehensive set of r m,g values for various elements and compounds for the neutron energy range from 25 MeV to 250 MeV was calculated by Newhauser and .
The kerma in a small volume element for a given neutron energy has to be determined from Dm. Dm is typically measured with a chamber with a wall thick enough to provide charged particle equilibrium and in a radiation field which may not be monoenergetic. The kerma can be derived using:
(4.6) where the correction factor cw takes into account the attenuation and scattering of neutrons in the detector wall, and cc takes into account the fact that the monoenergetic neutron field is contaminated to some extent with neutrons of other energies (see Sec. 3.3). The correction factor Cw can be determined from a series of measurements with different wall thicknesses and extrapolating the measured absorbed dose to zero wall thickness. The correction factor cc is close to unity or can even been neglected for neutron energies below about 17 MeV (Pihet et al., 1992) . It is significant, however, at higher energies because lower energy neutrons are produced by reactions of the incident ions with target backings, by deuteron breakup or by neutron production via excited states of the target nuclide (see Sec. 3.3). In these cases, the kerma contribution from lower-energy neutrons has to be derived. Unfortunately, the poor time resolution of the LPPC does not allow a derivation of cc based solely on TOF studies with the LPPC (Schuhmacher et al., 1992). Therefore , cc has been deter-mined from the spectral neutron fluence, measured with a spectrometer, and kerma coefficients at lower neutron energies as a sole method (Hartmann et al., 1992) or in combination with the TOF measurements with the LPPC (Schuhmacher et al., 1992; Schrewe et al., 1992; 1995) .
If the material for which k<P is to be determined has suitable properties for use as wall material, k<P is determined with an LPPC of that material. Examples are C, Al, Fe and A-150 tissue equivalent plastic. For other materials, a difference method may be applied. An example is the use of pairs of Al and Al 2 0 3 LPPCs to determine kerma in oxygen. The dose distribution in a (virtual) LPPC with a wall made from oxygen can be derived from the measured dose distributions of the real LPPCs (Fig. 4.7) , taking into account the mass fractions of the different elements.
Consider the general case for the determination of kerma in an element denoted by A, for which a pair of detectors are used with walls made from an element denoted by B and the compound AB, respectively. Then Equation 4.4 has to be replaced by (Newhauser, 1995; Schrewe et al., 1995) :
with DA the absorbed dose in element A , D: and D;i3 the absorbed doses in the gas induced by charged particles originating in material B and AB, respectively, mA and m 8 the mass fractions of elements A and B, respectively, in compound AB, and r AB,g and rs,g the gas-to-wall absorbed dose conversion factors for the two detectors. The fluence of monoenergetic neutrons has been determined by different methods. For energies below 19.l MeV, the associated-particle method (Wuu and 2.5 . These measured distributions were used to calculate the spectrum of a (virtual) LPPC with a wall made from 0 . Milavickas, 1987 ), neutron activation (DeLuca et al., 1984 1986; Hartmann et al., 1992 ) andA-150-LPPC (DeLuca et al., 1988 were used. The last method makes use of the fact that for lower neutron energies, the kerma coefficient for A-150 plastic is dominated by the well-known kerma coefficient for hydrogen. New ha user (1995) reported studies using white neutron spectra in which cf> was determined with a 235 U-fission ionisation chamber. The remaining investigations below 20 MeV and all investigations for the higher energies determined <P with a proton recoil telescope (Schuhmacher et al. , 1991) . This instru-ment uses the well-known cross section for n-p scattering.
The k, 1 ,-data, available from integral methods for different materials and neutron energies are summarized in Tables 4.2 to 4.11. presented results for many materials and for monoenergetic neutrons in the energy range from 5 MeV to 34 MeV, given in Tables 4.2 to 4.10. Recently, new results from Schrewe (1998) have become available for quasi-monoenergetic neutron beams with nominal energies of 44 MeV and 66 MeV, together with improved data for 34 MeV, given in Table 4 .11. The and the data analysis follows the general procedure described in this section. The correction factors cw for attenuation and scattering of neutrons (see Eq. 4.6) were estimated from nonelastic cross sections of the respective materials, taken from ENDF/B-VI and from Young et al. (1990) . The correction factors Cc for contaminating low-energy neutrons in the beam were calculated from the measured spectral neutron fluence (derived by combining time-of-flight techniques applied with an NE213 scintillation spectrometer for energies above 10 MeV and a Bonner-sphere spectrometer at lower energies), and the kerma coefficients from this Report, and they also take into account the attenuation of these low-energy neutrons in the counter walls. The values Cc range from 0.44 to 0. 77, depending on the material and neutron beam. Their uncertainties (estimated from a sensitivity study that employed different assumptions for the low-energy part of the spectral fluence, and for the kerma coefficients as a function of the neutron energy) are less than 2% and thus do not significantly contribute to the total uncertainties. The new results of Schrewe (1998) in Table 4 .11 are in good agreement with his previous measurements (Tables 4 .2- agreement, they are significantly higher t han those from Schrewe et al. (1995) , which w ere determined with matched pairs of cylindrical Zr and Zr0 2 detectors. The comparison of the comprehensive set of dose distributions measured with the new detectors with those measured earlier gives clear indica tion s of errors in the older Zr measurements caused by a detector malfunction (Schrewe, 1998) . Under ideal circumstances , i.e., under optimum experimental conditions and when all relevant information is available with as small an uncertainty as possible, the relative total uncertainties of k<P obtained by integral methods are about 5% (1 s.d. ) . These conditions are met in invest igat ions at about 15 MeV neutron energy and for t h e A-150-LPPC , being a nearly homogenous cavity detector. The uncertainties reported in the various studies (Tables 4.2 and 4.11) depend on many details of the experimental procedures and experimental conditions and are sometimes much larger. There is a general tendency that the uncertainties increase with increasing neutron energy. By far t he largest uncertainties were those reported for the measurements in the white neutron field (Newhauser, 1995) .
The main contributions to uncertainties in the kerma coefficients measured by integral methods stem from the following items: 86 Hartmann et al. , 1992 33.9 Zr/Zr02-LPPC PRT 3.18 0.33 Schrewe et al., 1995 44.0 Zr/Zr02-LPPC PRT 3.14 0.36 Schrewe et al. , 1995 54.9 Zr/Zr02-LPPC PRT 3.68 0.43 Schrewe et al. , 1995 65.7 Zr/Zr02-LPPC PRT 3.97 0.47 Schrewe et al. , 1995 • LPPC: low-pressure proportional counter. b PRT: proton recoil t elescope, LPPC: low-pressure proportional counter. (1) Absorbed dose in the gas, Dg: This uncertainty is dominated by the uncertainties of W-values and of the calibration of the dosimeter in a reference radiation field. It ranges from about 4% to 7%, being mainly dependent on the calibration procedure used.
(2) Gas-to-wall dose conversion factor, r m,g: This uncertainty is negligible for the A-150-LPPC. For other materials it is about 3% to 11 %, depending on the availability of sufficiently accurate data on charged-particle production. The largest uncertainties result when using the difference method. (3) Contamination correction factor, cc: This uncertainty is about 1 % at a neutron energy around 15 MeV because of the small fraction of contaminating neutrons. It increases up to 10% at other neutron energies, depending on the reaction employed for neutron production and the accuracy of the know ledge of the fluence and energy of contaminating neutrons. (4) Neutron fluence, <P. This uncertainty is about 3% for neutron energies below 20 MeV. It increases up to 8% at 70 MeV, mainly due to the uncertainty of the cross section for n-p scattering.
Proton Cross Sections
One of the effects of nuclear react ions in proton therapy is to remove protons from the therapy beam, since the secondary part icles are often emitted at large angles to the beam direct ion. The rate of depletion of protons is governed by the total nonelastic cross section. There are many measurements of proton total nonelastic cross sections, which have been reviewed by Bauhoff (1986) , Barashenkov (1993), and Carlson (1996) . The present evaluations make extensive use of these data, and the nuclear optical models used were optimized to be consistent with them.
For calculations of radiation transport and absorbed dose, a knowledge of the secondary production spectra of neutrons and charged particles in proton-induced reactions is important. There are meas urements of charge-exchange scatt ering at very forward angles (used for nuclear structure studies), but they are not very useful for the present purpose, since the main int erest for radiat ion therapy and protection is in data for a comprehensive range of outgoing energies and angles. Meier et al. (1989 Meier et al. ( , 1992 measured neutron production double-differential cross sections for incident (Schrewe, 1998) . Dg denotes the total absorbed dose in the gas, t[) the fluence of neutrons within the high-energy peak. The conversion and correction factors used to derive the ken na coeffi.cient, k,~, for the nominal neutron energy are described in the text 
